The Mre11 complex promotes DNA double-strand break repair and regulates DNA damage signaling via activation of the ataxia-telangiectasia mutated (ATM) kinase. The hypermorphic Rad50 S allele encodes a variant of Rad50, a member of the Mre11 complex. Cells expressing Rad50 S experience constitutive ATM activation, which leads to precipitous apoptotic attrition in hematopoietic cells. In this study, we show that ATM activation by the Rad50S-containing Mre11 complex enhances the proliferation of LSK cells, a population consisting of hematopoietic stem cells and multipotent progenitor cells. In Rad50 S/S mice, enhanced LSK proliferation triggers apoptotic attrition. This phenotype is mitigated when Rad50 S/S is combined with mutations that alter either LSK cell quiescence (myeloid elf-1-like factor/ELF4-deficient mice) or hematopoietic differentiation (p21-and p27-deficient mice), indicating that the LSK population is a primary target of Rad50 S pathology. We show that cells from Rad50 S/S mice are hypersensitive to camptothecin, a topoisomerase I inhibitor that causes DNA damage primarily during DNA replication. On this basis, we propose that apoptotic attrition of Rad50
Introduction
The Mre11 complex, consisting of Mre11, Rad50, and Nbs1, plays a pivotal role in the DNA damage response, mediating both ataxiatelangiectasia mutated (ATM)-dependent DNA damage signaling and recombinational DNA repair (1) . The human chromosome fragility syndromes Nijmegen breakage syndrome and the ataxiatelangiectasia-like disorder (ATLD) result from hypomorphic Nbs1 and Mre11 alleles, respectively (2, 3) . Cells from mice modeling those disorders exhibit defects in ATM-dependent cell cycle checkpoint functions, as well as hypersensitivity to clastogenic agents such as ionizing radiation. Conversely, mice expressing the Rad50 S mutation (Rad50 K22M ) are hypermorphic for ATM-dependent signaling and constitutively exhibit indices of genotoxic stress (4) (5) (6) .
Although the cellular phenotypes of the Rad50 S/S mutants are mild, the Rad50 S mutation exerts a profound effect at the organismal level. By 4 weeks of age, the bone marrow of Rad50 S/S mice is completely devoid of hematopoietic cells, and by 2 months of age most Rad50 S/S mice die of anemia. Bone marrow reconstitution experiments suggest that this decrement in hematopoietic cellularity results from apoptotic attrition of primitive hematopoietic cells, including the hematopoietic stem cell (HSC) pool. The apoptotic attrition observed is dependent on the DNA damage response pathway governed by the Mre11 complex and ATM (5) .
No sensitivity to ionizing radiation, UV radiation, hydroxyurea, or mitomycin C was observed in Rad50 S/S cells, and ionizing radiation treatment of Rad50 S/S cells did not result in increased chromosomal aberrations (4, 6) . These findings are inconsistent with the interpretation that chronic ATM activation in Rad50 S/S cells reflected a DNA repair defect. However, in addition to its role in recombinational DNA repair, the Mre11 complex has been implicated in the removal of topoisomerase lesions in several organisms, and the possibility that the metabolism of such lesions is impaired by the Rad50 S mutation is addressed in this study. Recent data support the existence of an endonucleolytic DNA repair pathway for the removal of topoisomerase II (Topo II) from DNA ends (7) . The cellular nuclease(s) acting in the presumptive Topo II removal pathway are not known. However, the available evidence suggests that the Mre11 nuclease is a likely candidate. For example, Spo11 is liberated from meiotic double-strand break ends covalently bound to short oligonucleotides. The production of this species is blocked in Mre11 nuclease-dead mutants as well as rad50S strains. In addition, gp46/gp47 (the Mre11 complex in bacteriophage T4) is required for the nucleolytic removal of covalently attached Topo II in that organism (8) (9) (10) , and the removal of the terminal protein of adenovirus seems to be blocked by Mre11 depletion in human cells (11) . The S. cerevisiae Mre11 complex has also been implicated in the repair of topoisomerase I (Topo I) lesions. Rad50 and Mre11 deficiency confers sensitivity to the Topo I inhibitor camptothecin. Reminiscent of Spo11 removal, camptothecin sensitivity is also seen in Mre11 nuclease-dead and Rad50 S/S mutants, suggesting a role for the Mre11 nuclease in the removal of covalently bound Topo I complexes (12) (13) (14) .
In this study, we show that precipitous apoptotic loss of hematopoietic cells in Rad50 S/S mice is due to an intrinsic effect on primitive hematopoietic cells [lineage-negative, Sca-1 + , c-kit
The hematopoietic attrition is mitigated in genetic contexts that alter LSK cell quiescence or inhibit differentiation, which suggests that the HSC is the primary cell type affected. Activation of the DNA damage response by the Rad50 S allele causes enhanced proliferation of the LSK pool, which correlates with the induction of apoptosis. When apoptosis is abrogated, LSK cells remain proliferative, suggesting that the Rad50 S mutation and, by extension, the ATM-dependent DNA damage response reduce quiescence of primitive hematopoietic cells. Further, we present evidence that the repair of topoisomerase lesions is impaired in Rad50 S/S cells, supporting the view that the Mre11 complex participates in the repair of these lesions in vivo. This repair pathway is significant for tumor suppression, as indicated by the fact that apoptotically compromised Rad50 S/S mice present with myriad hematologic malignancies.
Materials and Methods
Mice derivation and genotyping. Rad50 S/S , Mef
S/S Mre11 ATLD1/ATLD1 , and Rad50 S/S Chk2 À/À survival and genotyping have been described (3, 5, 6, (15) (16) (17) (18) (19) .
, and Rad50 S/S p27 À/À double mutant animals were generated in this study. All mice were derived at Memorial Sloan Kettering Cancer Center and maintained on mixed 129/SvEv and C57BL/6 background. All experiments involving animals conform to Institutional Animal Care and Use Committee institutional and national standards. Survival analyses and statistical significance. Kaplan-Meier survival curves were made with Prism 4 (GraphPad Software). Statistical significance for all studies was determined by a two-sided Wilcoxon rank sum test using Mstat software (Norman Drinkwater, McArdle Laboratory for Cancer Research).
Hematopoietic cell preparation and analysis. Single-cell suspensions from the bone marrow were depleted of RBC by hypotonic lysis and maintained in PBS. Labeled antibodies specific for B220 (phycoerythrin), Cell derivation and culture. Murine embryonic fibroblasts (MEF) and murine ear fibroblasts were generated and cultured as described (6) . SV40 immortalization was achieved as described (6) .
Cellular assays. Sensitivity to clastogens was assessed by colony formation assays as described (3) and the surviving fraction was determined after 9 d in culture. Metaphase preparations, conventional karyotypic analyses, and telomere fluorescence in situ hybridization (FISH) analyses were done as previously described (6) . For sister chromatid exchange (SCE) analyses, cells were grown for 40 h in 30 Ag/mL bromodeoxyuridine, and camptothecin treatments were done as for the conventional analyses. Metaphases were dropped on slides and aged overnight. Slides were rinsed for 10 min in 2Â SSC (0.3 mol/L NaCl and 0.03 mol/L sodium citrate, pH 7.0) and then soaked for 20 min in 2.5 mg/mL Hoechst (Sigma B-1155) made in 2Â SSC. After rinsing in H 2 O, a few drops of 2Â SSC and a glass coverslip were added. Slides were irradiated for 4 min at 55jC under a UV lamp and stained in 5% Giemsa for 40 min before analysis. All analyses were carried out on blinded samples.
Results and Discussion
We have previously shown that the Rad50 S allele and, by extension, the Mre11 complex induce apoptosis via the chronic activation of the DNA damage response pathway governed by the Mre11 complex, ATM, p53, and Chk2 (5). As a consequence, Rad50 S/S mice exhibit fatal anemia and bone marrow aplasia associated with HSC depletion (6) . Two explanations for the bone marrow failure observed have been considered: First, the widespread hematopoietic attrition in Rad50 S/S mice may result in homeostatic stress and lead to precipitous exhaustion of the HSC pool (6) . An alternative and nonexclusive interpretation is that chronic DNA damage signaling by the Rad50 S allele exerts an intrinsic effect on the HSC compartment, leading to its depletion by apoptosis.
To address this issue, we examined the hematopoietic compartment of 2-week-old Rad50 S/S mice. This early time point was necessary because most Rad50 S/S mice become severely anemic by 4 weeks of age and moribund by 6 to 8 weeks (6). This outcome is intrinsic to Rad50 S/S hematopoietic cells (i.e., not attributable to (Fig. 1C) , we focused on the LSK cells for this study. First, we assessed by flow cytometry the frequency of lineagenegative, Sca-1-positive, and c-kit-positive (LSK) cells, a population shown to be enriched in HSCs and multipotent progenitors (20) (21) (22) (23) (24) (25) (26) . In WT animals, this population confers both short-term and long-term hematopoietic reconstitution of irradiated recipients. Although the bone marrow cellularity of 2-week-old Rad50 S/S mice remained 80% to 90% of that of WT littermates (data not shown), the LSK frequency of Rad50 S/S was reduced to 8% of WT cells (Fig. 1A and B and Supplementary Fig. S1 ).
These analyses also revealed that Rad50 S/S LSK cells exhibited markedly increased levels of apoptotic cells; only 3.5% of LSK cells in WT bone marrow stained positive for Annexin V, whereas 18.8% of Rad50 S/S LSK cells were positive ( Fig. 1B and Supplementary  Fig. S2 ). This result shows that the increased apoptosis is intrinsic to the Rad50 S/S LSK compartment. In addition, an aberrantly large fraction of Rad50 S/S LSK cells were in cycle, as evidenced by elevated Ki-67 and Hoechst double staining in the Rad50 S/S LSK population ( Fig. 1B and Supplementary Fig. S3 ). In WT mice 30.6% of LSK cells are quiescent (i.e., Ki-67 and Hoechst double negative), compared with 10.5% in Rad50 S/S LSK. The reduction in Rad50 S/S LSK quiescence was observed at 2 weeks of age, before significant depletion of hematopoietic bone marrow cells. This suggested that increased LSK proliferation in Rad50 S/S was not a homeostatic response to depletion of more mature hematopoietic cells in the bone marrow. We tested this interpretation by crossing Rad50 S/S to Chk2
, which blocks apoptosis of hematopoietic cells in Rad50 S/S mice (5). We reasoned that impaired apoptosis in Chk2 deficiency would eliminate homeostatic pressure on the LSK population and restore quiescence to normal levels. As expected, the apoptotic fraction of Rad50 S/S Chk2 À/À LSK cells was reduced to WT levels (Fig. 2A); however, the quiescent fraction of Rad50 S/S Chk2 À/À cells was unchanged. In Rad50 S/S Chk2 À/À LSK, 14.4% were Ki-67 and Hoechst double negative ( Fig. 2A) , a fraction similar to the 10.5% observed in Rad50 S/S LSK. The fraction of Ki-67-positive cells returned to WT levels in both Rad50 S/S Atm +/À and Rad50 S/S Atm À/À mice ( Fig. 2B and data not shown). These results strongly support the view that reduced LSK cell quiescence and enhanced apoptosis are cell-intrinsic effects of the Mre11 complex-ATM signaling pathway.
To delineate the relative effect of Rad50 S/S on LSK cells versus their progeny, the number or cycling characteristics of LSK cells were manipulated genetically. The cyclin-dependent kinase inhibitors p21 and p27 interdict hematopoietic development primarily in HSCs and hematopoietic progenitor cells, respectively; HSC numbers seem to be elevated by p21 deficiency (27) whereas progenitor pools are expanded by p27 deficiency (28) . LSK quiescence was altered by crossing Rad50 S/S to mice deficient for the transcription factor myeloid elf-1-like factor (Mef/ELF4). Mef promotes the entry of primitive hematopoietic cells into cycle, and in Mef À/À mice quiescence is markedly enhanced (15 (Fig. 3A and B) . p27 deficiency increased Rad50 S/S survival to a similar extent as p21 deficiency ( Fig. 3C ; P < 10
À4
). Research. Fig. S4A and B) . However, p27 deficiency mitigated Rad50 S/S hematopoietic attrition; Rad50 S/S p27 À/À mice exhibited 3.7-fold the number of pro-B cells and 2.5-fold the number of immature B cells present in Rad50 S/S mice (Supplementary Fig. S4C ). No effect on pre-B or myeloid cells was observed (Supplementary Fig. S4C ). These data indicate that mitigation of the Rad50 S/S phenotype can be achieved via expansion of either the HSC pool or the precursor pool.
This interpretation is supported by direct analysis of hematopoietic progenitor cell numbers in 4-week-old Rad50 S/S , p27
, and Rad50 S/S p27 À/À mice using methylcellulose CFC assays (27, 28). As previously described (28), p27 À/À mice exhibited a 2-fold increase in progenitors over WT (Fig. 3D) . Whereas Rad50 S/S mice showed a 50-fold decrease in progenitor cell numbers, CFCs were within 5-fold of WT in Rad50 S/S p27 À/À (Fig. 3D) . These data indicate that some rescue of the Rad50 S/S phenotype in Rad50 S/S p27 À/À animals is associated with expansion of the progenitor pool. Conversely, LSK cell frequencies were elevated in both p21-and Mef-deficient Rad50 S/S mice when compared with Rad50 S/S , and the extent of the LSK increase correlated with the enhancement in survival (Fig. 4A and Supplementary Fig. S1 ). Whereas Rad50
À/À had twice as many LSK cells as Rad50 S/S at 2 weeks of age, age, Rad50 S/S Mef À/À showed a 4.3-fold increase (to 36% of that of WT WT animals; Fig. 4A and Supplementary Fig. S1 ). A switch from fetal to adult hematopoiesis seems to occur at 4 weeks of age. Supplementary Fig. S3 ). In contrast, p21 deficiency had no effect on LSK quiescence. In Rad50 S/S p21 À/À LSK, 91.4% were cycling cells, which was similar to the 89.5% cycling of LSK cells in Rad50 S/S mice ( Fig. 4B and Supplementary Fig. S3 ). The effects of p21 and Mef-deficiency on LSK cell quiescence were correlated with the levels of apoptosis. Whereas 5% of WT, p21 4C and Supplementary Fig. S2 ). This was reduced to only 4.1% Rad50 S/S Mef À/À LSK cells. These results suggest that apoptosis of Rad50 S/S LSK is dependent on their entry into the cell cycle. Supporting this view, 2 days of treatment with granulocyte colony-stimulating factor (G-CSF), given to induce HSC entry into cycle (30) , obliterated the bone marrow LSK pool in 2-week-old Rad50 S/S mice (Fig. 4D) . Furthermore, whereas G-CSF treatment did not appreciably alter the frequency or the apoptosis of LSK cells in WT and Mef À/À mice, the LSK pool was markedly reduced in Rad50 S/S Mef À/À double mutants, from 0.014% of total bone marrow cells before G-CSF-induced cycling ( Fig. 4A) to 0.006% after G-CSF treatment (Fig. 4D ). This LSK cell depletion correlated with increased levels of apoptosis (Fig. 4D) . These data are consistent with the view that apoptotic attrition of Rad50 S/S LSK cells is driven by cell cycle entry. A striking feature of the Rad50 S/S double mutants examined was the frequent occurrence of hematopoietic malignancies: 37.5% of Rad50 S/S p21 À/À , 30% of Rad50 S/S Mef À/À , and 35.7%
of Rad50 S/S p27 À/À animals developed tumors (Supplementary   Table S1 ), whereas none were observed in Mef À/À , p21 À/À or p27 À/À mice, and in Rad50 S/S mice, tumors are exceedingly rare (15-17, 31, 32) . Malignancy was restricted to the hematopoietic compartments, with both myeloid and lymphoid neoplasms occurring (data not shown). A similar result was observed previously in Rad50 S/S mice that also harbor mutations that attenuate ATM- These results indicate that the Rad50 S allele predisposes to malignancy to a greater extent than previously observed, and suggest the possibility that oncogenic DNA damage accumulates in Rad50 S/S cells. We previously proposed that the metabolism of topoisomerase lesions may be impaired in Rad50 S/S cells (5). This proposal was primarily based on the fact that removal of the Topo II-like molecule Spo11 from double-strand break ends formed in meiosis is blocked in S. cerevisiae Rad50 S mutants (7) . Because an aberrantly large fraction of Rad50 S/S LSK cells are cycling, it is plausible that the attrition of primitive hematopoietic cells and the predisposition to hematopoietic malignancy result from defective resolution of topoisomerase cleavage complexes.
The ability of Rad50 S/S cells to metabolize topoisomerase lesions was tested by treatment with camptothecin and etoposide, which stabilize covalent Topo I and Topo II covalent complexes, respectively (33, 34 ). Presumably because the baseline level of apoptosis was high, we were unable to detect increased apoptosis in Rad50 S/S hematopoietic cells on camptothecin treatment (data not shown). The effects of these drugs on MEFs and ear fibroblasts were examined. Rad50 S/S cells were slightly more sensitive to etoposide than WT cells, as measured by colony-forming ability after a 24-hour treatment (Fig. 5A ). This subtle difference seems to reflect a defect in processing Topo II lesions, as Rad50 S/S were not sensitive to (Fig. 5B) , a catalytic inhibitor that blocks the formation of the Topo II cleavage complex (35) . Rad50 S/S cells were markedly more sensitive to camptothecin (Fig. 5C ). The increased sensitivity was not a consequence of defective cell cycle arrest; both WT and Rad50 S/S cells arrested in S phase and at the G 2 phase of the cell cycle on treatment with camptothecin (data not shown).
Consistent with their relative effects on colony-forming ability, acute exposure of Rad50 S/S cells to camptothecin, but not etoposide, increased the induction of chromosome aberrations ( Fig. 6A and Supplementary Fig. S5 ). Cells were treated briefly (2 hours) with etoposide or camptothecin, and mitotic spreads prepared 4 to 6 hours later. In this way, metaphase cells would have been in S phase during drug treatment. Whereas 79% of WT metaphases exhibited no aberrations after a 2-hour treatment with camptothecin, only 59% were free of aberrations in Rad50 S/S cells ( Fig. 6A; P < 10 
À3
). Moreover, the spectrum of aberrations differed significantly. Of the aberrations present in WT cells, 65% were breaks and chromatid fragments, whereas the other 35% were fusions and exchanges (Fig. 6B) . In contrast, the distribution was reversed in Rad50 S/S cells, with 64% of aberrations being fusions and exchanges, and 36% breaks and fragments (Fig. 6B) . Telomere FISH analysis was used to distinguish short-arm exchanges from telomeric fusions (Fig. 6C) . Eighty percent of the aberrations scored by FISH in Rad50 S/S cells were short-arm exchanges, whereas only end fusions were present in WT cells (Fig. 6C) .
This spectrum of aberrations suggests that camptothecinstabilized Topo I cleavage complexes induce recombination in Rad50 S/S . This interpretation predicted that camptothecin treatment of Rad50 S/S cells would induce increased levels of SCE. This prediction was met, as the SCE frequency induced by camptothecin was enhanced in Rad50 S/S compared with WT cells (1.055 versus 0.559 SCE/chromosome, respectively; Fig. 6D ). In this context, it is noteworthy that lymphomas arising in Rad50 S/S p53 À/À mice exhibited a complex spectrum of nonclonal chromosomal aberrations (6) , consistent with the possibility that increased levels of chromosome rearrangement are induced by the Rad50 S allele. Collectively, these results indicate that the Rad50 S mutation impairs the processing of topoisomerase cleavage complexes, and suggest that accumulation of this form of DNA damage in Rad50 S/S cells markedly predisposes to both apoptosis and malignancy.
This study shows a role for the Mre11 complex in the repair of topoisomerase-associated DNA damage in mammalian cells. In S. cerevisiae, this function has been suggested for Topo I lesions by the extreme cytostatic effects of camptothecin in Mre11 complex nuclease-deficient mutants, as well as from genetic interactions with mutations affecting enzymes such as tyrosyl-DNA-phosphodiesterase that participate in the resolution of the Topo I-DNA linkage (36) . Evidence for a repair pathway in S. cerevisiae and mammals dedicated to the resolution of Topo II lesions has recently emerged (7). The observation of Rad50 S/S etoposide sensitivity presented here suggests that the Mre11 complex contributes to this pathway (Fig. 5A) , consistent with the requirement for the Mre11 nuclease for the removal of Spo11 in meiosis.
In addition, we have established that chronic Mre11 complexdependent DNA damage signaling in Rad50 S/S mice impairs the quiescence of LSK cells and triggers apoptosis. The effect is cellintrinsic and does not seem to reflect a homeostatic response to the reduced presence of more mature hematopoietic cells in Rad50 S/S mice. Hence, the effect of the Mre11 complex-ATMdependent pathway on HSC cycling starkly contrasts the effect of this pathway in most cells where cycling is suppressed in response to DNA damage rather than enhanced. This effect of the Rad50 S allele is not restricted to hematopoietic cells because apoptotic loss of spermatogenic cells and gut epithelia with the same genetic dependencies has been observed (5, 6, 37) .
This paradoxical outcome may serve to effectively preserve the integrity of primitive hematopoietic components. In this scenario, entry of HSCs experiencing DNA damage into the cell cycle could increase the likelihood that nonmutagenic DNA repair such as homologous recombination will occur. Entry into S phase would provide a sister chromatid for this mode of repair, and thus could not occur in quiescent cells. Entry into the cell cycle may also increase the efficiency with which apoptosis is induced, thereby facilitating the culling of damaged HSCs from the pool. The observed effect of Rad50 S on HSC quiescence raises the possibility that compounds mimicking the Rad50 S effect could be used to induce cycling in quiescent cells that carry oncogenic mutations and thus render them more sensitive to cytotoxic chemotherapies.
Finally, we found that p21 and p27 deficiencies promote malignancy in Rad50 S/S mice to an extent similar to mutations that impair ATM signaling and apoptosis (5) . It is unlikely that ATM regulation is affected by loss of p21 or p27. Thus, the tumorsuppressive effects of p21 and p27 are likely to be via their regulation of hematopoietic cell growth and differentiation. However, recent data show that p27 suppresses prostate cancer independently of its effect on cell cycle regulation. It has been proposed that genome stability, as well as apoptosis, may be affected by p27 (38, 39) . The tumor outcome in Rad50 S/S Mef À/À is more complex, but is also likely to reflect its influence on differentiation. In ovarian tissues, Mef also functions as an oncogene that drives proliferation when overexpressed or limits proliferation when depleted (40) . In Rad50 S/S mice, the effect of Mef deficiency on quiescence rescues the LSK cells from elimination, but as it has not been shown to function as a tumor suppressor, the tumors formed in Rad50 S/S Mef À/À animals are likely to result from Rad50 S -associated oncogenic mutations. Whether dependent or independent of their effects on cell growth, our data underscore the role of cell cycle regulators (including Mef, p21, and p27) in the suppression of hematopoietic malignancy.
